Abstract: In 1998, gastrointestinal stromal tumor (GIST) emerged as a distinct oncogenetic entity and subsequently became a paradigm of targeted therapies in solid tumors. Diagnosis of GIST relies on both histology and immunohistochemistry. Ninety-five percent of GISTs express either KIT or DOG-1. Approximately 80%-90% of GISTs harbor gain-of-function mutations of either KIT or platelet-derived growth factor receptor alpha polypeptide (PDGFRA) receptor tyrosine kinase (RTK). More than 100 different mutations have been described, some of which are associated with specific clinical and/or histological characteristics. Detection of KIT or PDGFRA mutations is recommended in advanced GISTs because they are highly predictive of tumor response to RTK inhibitors, as well as in KIT-negative cases to confirm diagnosis. In most cases, GISTs are sporadic, but in rare cases, they are related with genetic predisposition, such as neurofibromatosis type 1, Carney triad, Carney-Stratakis syndrome, and inherited KIT or PDGFRA germline mutations.
Introduction
Until the late 1990s, gastrointestinal stromal tumors (GISTs) were often misdiagnosed as other gastrointestinal mesenchymal tumors, such as leiomyoma, leiomyosarcoma, or schwannoma. In 1998, Hirota et al 1 demonstrated the critical role of KIT receptor tyrosine kinase (RTK)-activating mutations in GISTs, and KIT immunostaining became a major diagnostic tool. Only 3 years later, the KIT inhibitor imatinib was shown to have dramatic antitumor effects, and this rare and frequently undiagnosed tumor became the paradigm of targeted therapies. This review updates knowledge on GIST and highlights the knowledge on genetic alterations.
by age is wide, and GIST can occur during childhood or at 90 years of age. [6] [7] [8] Most epidemiological studies reported a slight male predominance. [7] [8] [9] [10] In western countries, the estimated annual incidence reported in population-based studies is between 11 and 15 per million people. [9] [10] [11] This commonly accepted incidence was estimated from pathologic registry in all cases [9] [10] [11] and is probably underestimated because GIST tumorlets (size of 1-10 mm) are found frequently in autopsies. 12 GISTs are sporadic in their great majority but, in rare cases, occur in patients with genetic predisposition. These rare cases are described in detail in this review.
Location and symptoms at diagnosis
Typically, the tumor occurs in the stomach for 66% or in the small intestine for 25% of most cases, but they might occur along the entire length of the digestive tract from the esophagus to the anus and sometimes in the omentum and the mesentery. 6, 13 Therefore, most GISTs arise from the bowel wall with a frequently slow and extra-luminal tumor development. Symptoms of the disease are nonspecific and reflect these features. [7] [8] [9] GISTs can be revealed by gastrointestinal bleeding, solid mass at palpation, pain, abdominal discomfort, and early satiety, and acute abdomen emergency can sometimes occur. The diagnosis is also frequently made incidentally. 7, 8, 14 In cases of advanced GISTs, most metastases arise in the liver and/or peritoneal cavity. Other metastases in lung, pleura, bones, or other areas are less frequent. 7, 8, 14, 15 Lymph node metastases are unusual, and lymphadenectomy is warranted only for evident nodal involvement or for rare pediatric GISTs. 16 
Risk assessment after curative surgery
Until last year, GISTs were often described as benign or of uncertain malignant potential. Subsequently, after the discovery and well characterization of the KIT role, it was suggested that all GISTs have malignant potential, and many prognostic factors have been assessed to estimate the risk of relapse after curative surgery. 6, [17] [18] [19] [20] [21] [22] Nevertheless, to be used in routine practice, prognosis factors have to be robust, reproducible, and easy to assess. These considerations led to the adoption of a consensus risk classification based on the combination of the maximal tumor size and the mitotic count per 50 high-power fields (hpf) in 2002 (Table 1A) . 16, 23 However, the relative good prognosis of patients with gastric GIST of all size with low mitotic activity called into question the concept of the generally malignant nature of GIST. 7 Moreover, it was demonstrated that gastric GISTs have a better prognostic outlook than intestinal GISTs of similar size and mitotic index. 24 Thus, Miettinen and Lasota 24 proposed a new classification including the anatomic site as a third independent prognostic factor and defined a new subclass of benign GIST (Table 1B) . More recently, a prognostic normogram using the same three factors was developed and validated in three independent large cohorts. 25 
Treatment in advanced GiST
GISTs are highly resistant to conventional chemotherapy and radiotherapy, and during many years, the only curative treatment was surgery even in cases of advanced disease. Understanding the molecular physiology of GIST has allowed development of targeted therapies. Today, two small molecule tyrosine kinase inhibitors with activity against KIT and PDGFRA, among others, are approved in patients with GIST: imatinib (Glivec ® , Gleevec ® ; Novartis, Basel, Switzerland) and sunitinib (Sutent ® ; Pfizer, New York, NY). In patients with advanced GIST, imatinib efficacy was initially described in a single patient. 26 After rapid development, it is today the first-line reference treatment in advanced GISTs, achieves disease control in 70%-85% of patients with a median progression-free survival (PFS) of 20-24 months and a median overall survival (OS) of 50-55 months. 27, 28 Nevertheless, imatinib is not curative, and its interruption results in rapid progression in most patients. 29 Under imatinib, secondary resistance occurred in 15%-20% of patients each year.
Recently, retrospective studies suggested a potential benefit of secondary metastases resection in patients with a good response under imatinib. [30] [31] [32] Prospective randomized trials should soon evaluate such strategy and allow recommendations to be made. In the opposite, patients with disease progression did not seem to benefit from surgery and should be considered for other targeted therapies. [30] [31] [32] Among them, sunitinib has proved its efficacy with a median PFS of 6-8 months, and it is approved in second-line treatment. 33, 34 
Adjuvant treatment
In cases of localized GIST, surgery remains the only curative treatment. After such resection, results of a randomized Phase III trial demonstrated that imatinib taken daily for 1 year significantly improved recurrence-free survival compared with placebo, and at 1-year follow-up, the hazard ratio was 0.35 (95% CI: 0.22-0.53; P , 0.0001). 38 Two studies in progress are investigating treatment duration: the EORTC trial 62024 (no adjuvant treatment vs 2 years of imatinib) and the SSG trial XVIII (1 year vs 3 years of imatinib). In waiting results of those studies, 1-year imatinib is today the standard treatment in adjuvant setting, and its indication has been approved recently in Europe in patients who are at significant risk of relapse.
Diagnostic criteria
Most GISTs are suspected with endoscopy or computed tomography (CT) scan or during surgery. However, definitive diagnosis relies on pathology, which is based on both histology and immunohistochemistry. As a result of advances in understanding GISTs pathogenesis and the rapid development of effective targeted therapies, international consensus criteria have been published for the diagnostic of GIST. 16, 23, 39 Endoscopy and imagery GIST can be found incidentally or after digestive symptoms during gastroscopy, colonoscopy, capsule endoscopy, or enteroscopy. 40, 41 GIST is a submucosal tumor and is observed at endoscopy as a bulge underneath the mucosa of the gastrointestinal tract. The digestive mucosa is of normal appearance, but a mucosal ulceration secondary to tumor growth is common and can induce gastrointestinal bleeding. Superficial mucosal biopsies are generally noncontributive. Endoscopic ultrasound is the most important tool to assess its layer of origin, particularly in cases of small GIST. 39 It allows it to equally perform guided fine-needle aspiration or trucut biopsy. These two techniques are safe and comparable but have only limited value for GIST diagnostic because of a high rate of technical failure. 40, 41 In cases of localized GIST, the best tissue acquisition technique remains surgical resection, and multiple core needle biopsies are recommended only in large tumor cases, which involve multivisceral resection. 39 When submucosal tumor is less than 2 cm in size, and so probably a GIST of low risk, one standard approach is to follow it with endoscopic ultrasound, reserving resection for growing tumors. For tumors larger than 2 cm or rectal tumors of worse prognosis, biopsy/excision should be made for definitive diagnostic. 39 The diagnostic of GIST is often suggested on CT scan. Typically, tumors are described as a large well-circumscribed tumor arising from the stomach or small bowel. They are predominantly extra-luminal with lower signal intensity than that of the contrast material-enhanced liver.
14 In most cases, large tumors have a heterogeneously enhancing soft-tissue rim surrounding a necrotic center, and small tumors are more homogeneous. Central gas, calcification, or fluid-fluid level suggest intratumoral hemorrhage is possible. For preoperative staging, CT scans and 18F-fluoro-deoxyglucose positron emission tomography (PET) are both useful. 14, 42, 43 Although less precise for anatomic detail than CT scans, PET can reveal small metastases and is useful in cases of locally advanced GIST when early assessment of therapy effectiveness is of special concern. 39, [42] [43] [44] [45] Like for rectal adenocarcinoma, magnetic resonance imaging provides better preoperative detail of perineal region and is recommended in cases of rectal GIST. 39 
Standard histologic examination
Histologically, GISTs can be most often classified in three categories: the spindle cell type that represents 70% of cases and is composed of relatively uniform eosinophilic cells arranged in short fascicles or whorls ( Figure 1A) , the epithelioid type that represents 20% of cases and is composed of rounded cells with eosinophilic or clear cytoplasm ( Figure 1B) , and the mixed type that contains the both cell types together. In uncommon cases, GISTs show a prominent myxoid stroma, a paraganglioma-like pattern, or a cytoplasmic pleomorphism. 23 Necrosis and/or hemorrhage area are frequent in large GISTs, and the necrosis percent had been suggested as a prognostic factor in some studies. 6 Tumor rupture, whatever the cause, should be recorded because of its adverse prognostic value. 39 In resected GISTs, standard histologic description must be completed by the mitotic count, which was evaluated in 50 hpf in the 2002 consensus risk classification. 23 However, in the last classification proposed by Miettinen and Lasota, 24 the mitotic count was made in a 5 mm 2 surface, which corresponds to 20-25 fields at 400× magnification by using a modern wide-field microscope with wide-field eye-pieces. Evaluation of adjuvant imatinib indication is of major importance for routine practice.
immunohistochemistry Ninety-five percent of GISTs show KIT immunostaining (CD117), but some variability in pattern exists. Most GISTs show unequivocal diffuse and strong cytoplasmic positivity. A cytoplasmic dot-like (Golgi pattern) staining is present in almost half of the cases and may be exclusive or associated with cytoplasmic pattern ( Figure 1C) . 23 Interestingly, Golgi staining is correlated with KIT mutation and is significantly more frequent in GISTs with homozygous mutations. 46 These results are consistent with experimental data in which KIT mutant proteins remain within endoplasmic reticulum or Golgi compartments and do not reach the cell membrane. 47 Stromal mast cells are a valuable internal positive control for KIT immunostaining. Although highly specific, KIT immunostaining can be positive in other tumors, in particular in small-cell lung cancer, testicular teratocarcinoma, melanoma, and angiosarcoma. [48] [49] [50] In these tumors, KIT mutations are uncommon with the exception of melanoma, 49 and overexpression is mostly associated with genomic amplification of wild-type gene. 48, 50 Other immunohistochemical analyses are frequently used in GISTs diagnostic: 70% of GISTs show immunopositivity for CD34, 40% for smooth muscle actin (SMA), 5% for S-100 protein, and 2% for desmin. 16, 23 CD34 and SMA immunopositivity seem to vary according to GIST location. 51 Expression of PKC-θ was also used for GIST identification. 4 However, the low specificity of these markers limits their relevance in routine practice of GISTs. By contrast, DOG-1 is useful for diagnosis of GISTs. DOG-1 was characterized using gene microarrays, and its protein function is unknown. It is expressed almost ubiquitously in GISTs irrespective of the type of activating mutations, is rarely expressed in other soft tissue tumors, and is positive in KIT-immunonegative GISTs with PDGFRA mutation ( Figure 1D ). 52 
Activating mutations
The screening of KIT and PDFGRA mutations may be performed on either formalin-fixed, paraffin-embedded, or frozen samples. Bouin fixation should be avoided since it may impair the molecular analysis feasibility. 16 A histological examination to spot tumor areas must be performed before all DNA extraction. Because of the relative tumoral homogeneity of GISTs, tumor tissue microdissection is not required in most cases. There is no recommendation for optimal mutation screening technique. Direct sequencing was performed in most previous studies. Length analysis of polymerase chain reaction (PCR) products is more sensitive than direct sequencing for detection of deletions and insertions ( Figure 2A ). 4 Moreover, this technique allows for rapid screening for the most frequently mutated exons and to guide direct sequencing. In absence of length modification, direct sequencing of all putative mutated exons must be done to search point mutations ( Figures 2B-2D ). Denaturing highperformance liquid chromatography is another very sensitive technique, which allows detection of deletions, insertions, and substitutions. 53 The frequencies of KIT and PDGFRA mutations in advanced GISTs are detailed in Table 2 . 5 The search of mutations must be done in specialized laboratories implicated in a quality assurance program. 39 
Diagnostic recommendations
In most cases, the diagnosis of GIST relies on concordant histology and KIT immunopositivity. A central review by an expert in sarcoma pathology should be made for equivocal cases. In the rare cases of KIT-negative tumors (5%), molecular analysis for KIT and PDGFRA has a diagnostic 
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Gastrointestinal stromal tumors interest, and other markers such as DOG-1 have to be considered. 16, 23, 39 Mutational analysis for activating mutations is strongly recommended in all advanced GISTs because of their predictive value. 39 This specific point will be discussed in detail in the next section.
Type of mutations and specificities KiT and PDGFRA mutations
More than 80% of GISTs contain activating mutations of KIT or PDGFRA. 5 Both receptors are members of the type III receptor protein-tyrosine kinase family and encode a transmembrane RTK. Binding of ligand (stem cell factor [SCF] for KIT) results in dimerization of the receptor, activation of its kinase activity, and phosphorylation of several proteins implicated in signaling pathways known to promote cell growth and survival. 54 Both receptors activate the downstream phosphatidylinositol-3-kinase (PI3K)-AKT, mitogen-activated protein (MAP)-kinase, and Janus kinase-signal transducer and activator of transcription (JAK-STAT3) signaling cascades. 54, 55 Activating mutations consist of in-frame deletions, insertions, or missense mutations, and result in constitutive receptor activation independent of ligand binding. Mutations can occur in the extracellular domain (KIT exon 9), in the juxtamembrane domain (KIT exon 11 and PDGFRA exon 12), in the kinase I domain (KIT exon 13 and PDGFRA exon 14) , and in the kinase II domain (KIT exon 17 and PDGFRA exon 18). 5 KIT mutations are found in 75%-80% of GISTs, and 60% of them are within the exon 11 of KIT, 5, 6, 55 which comprises 33 codons (codons 550-582). KIT exon 11 encodes an intracytoplasmic juxtamembrane domain, which has an autoinhibitory function. 56 Normally, after dimerization, transphosphorylation of two tyrosine residues (Tyr568 and Tyr570) in the juxtamembrane segment occurs, and the loop formed by exon 11 is converted from a compact inactive conformation to an extended active conformation. 57, 58 Mutations occurring in exon 11 disrupt this normal autoinhibitory function and promote spontaneous kinase activation. 57, 59 More than 90 mutations of exon 11 have been published: [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] 85% are in-frame deletions or insertions and 15% are missense mutations. The most frequent mutation is a short deletion in the proximal part of exon 11, delWK557-558, accounting for 8%-25% of KIT exon 11 mutations. [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] Other KIT mutations are located within exon 9 in 10% of cases, consisting in most cases of in-frame insertions or within exons 13 or 17 in 1% for each. 55 PDGFRA mutations are found in 5%-7% of GISTs. They are located within exon 18 in 5% of GISTs and within exon 12 or 14 in 1% of GISTs. 5 The most frequent exon 18 mutation is a substitution, D842V, and accounts for 30%-80% of PDGFRA mutations. 55, 63, 65, 66, 70 KIT or PDGFRA mutations are heterozygous in 95% of mutated GISTs. 6 In rare cases, homozygous mutations could result from a loss of KIT wild-type allele and duplication of the mutant. 71 
KiT transcriptional regulation
To better understand the critical role of KIT in GIST pathogenesis, many studies have focused on KIT regulation. KIT 0  2 30  240  2 50  260  2 70  280  2 90  300  3 10 
91
Gastrointestinal stromal tumors contains 21 exons, and two alternative splicing sites have been described. One is located at the 3′ end of exon 9 and results in the transcription of two isoforms, GNNK-and GNNK+. 72 Although the GNNK-isoform was the predominant isoform and has been reported to have a greater oncogenic potential than the GNNK+, 73 the GNNK-/+ ratio was similar in GISTs than in normal interstitial cells of Cajal and control mast cells. 74 In heterozygous mutated GISTs, similar amounts of both allele and both transcripts were found, and so, the oncogenic effects of KIT in GISTs do not seem related to a variation in transcripts ratio.
Interestingly, KIT messenger RNA (mRNA) amounts were higher in heterozygous mutated GISTs than in homozygous mutated and nonmutated GISTs. 74, 75 Using quantitative PCR and fluorescence in-situ hybridization (FISH), it was demonstrated that KIT amplification was not implicated in KIT overexpression in the majority of GISTs. More, despite variable expressions between tumors, analysis of both quantified mRNA with real-time PCR (RT-PCR) and protein levels with Western blot show a close correlation between these two regulation levels. 75 A fraction of KIT was phosphorylated and activated in all GISTs, but this amount was not correlated with the mutational GISTs status. 76 These data suggested a transcriptional regulation of KIT overexpression in GISTs.
Subsequent analysis of SCF production by RT-PCR, immunohistochemistry, and enzyme-linked immunosorbent assay demonstrated that KIT ligand and both its transcript isoforms were present in almost all tested GISTs and in three primary cultures. 76 Indeed, SCF is produced by different cell types, and SCF mRNA and protein were detected in almost all normal digestive control samples. Previous in vitro data have reported that SCF treatment of GIST cells with heterozygous KIT mutation induced a stronger KIT tyrosine phosphorylation, 77 while it did not in GIST cells with homozygous KIT mutation. 78 Thus, SCF may activate wild-type KIT in nonmutated GISTs and modulate the fraction of activated KIT in heterozygous GISTs. These results suggest that an autocrine/paracrine mechanism may play a role in GISTs pathogenesis. 76 
KiT translational regulation
Two forms of KIT protein are described in GISTs. 79 The 125 kDa form is the precursor of the 145 kDa form and lacks the complex glycosylation necessary for its cell surface targeting. 80 In vitro data suggested that intracellular signaling activated by the 125-kDa mutant form was sufficient to drive neoplasia KIT. 80 KIT immunohistochemistry staining show that paranuclear dot-like patterns were significantly more frequent in homozygous mutated GISTs than in heterozygous or nonmutated GISTs. 47, 81 These results are supported by Western blot analyses. While the phosphorylated mature form of KIT is found in almost all GISTs irrespective of mutational status, the phosphorylated immature form is detected in GISTs with KIT mutation but not or weakly in nonmutated GISTs. 47, 77 In NIH3T3 cells infected with wildtype or mutated exon 11 KIT complementary DNA, KIT was predominantly found in the perinuclear region in mutated cells, whereas it was diffusely present in the cytoplasm and at the plasma membrane in wild-type cells. Mutant KIT was mainly retained in an phosphorylated immature form within Golgi and endoplasmic reticulum compartments, whereas wild-type KIT was expressed in a nonphosphorylated form at the plasma membrane. Moreover, stimulation with SCF and inhibition with imatinib have different effects according to mutational KIT status. In wild-type cells, SCF treatment significantly decreased the cell surface expression of KIT and imatinib restored it. In mutated cells, SCF treatment had no effect on KIT membrane expression, whereas imatinib blocked mutant KIT phosphorylation, restored normal maturation, and increased membrane expression. 47 Activating KIT mutations induce an alteration of normal maturation and intracellular trafficking of receptor, and are associated with an 
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Bachet and Emile intracellular activation of its immature form. These results are important because they suggest that only targeted therapies able to enter cells may be effective against mutated KIT. They also constitute a possible explanation of the absence of correlations between KIT immunohistochemistry staining and imatinib efficacy. 82 We currently do not know if wild-type and mutant KIT might activate different signaling pathways according to their intracellular location and interactions with other proteins or if both allele have exactly the same activation pathways.
Location and prognosis
Many studies described that GISTs location was associated with type of mutation. GISTs with KIT exon 9 mutation arise predominantly in small intestine and colon, and those with PDGFRA mutations most often originate from the stomach. 6, 63, 65, 83 Recently, we reported that GISTs with a deletion of the two tyrosine residues of exon 11 (delTyr) arise in the small intestine, colon, or rectum in about 70% of cases, whereas those with delWK557-558 occur in the stomach in about 75% of cases, and that this difference was highly significant. 84 These data suggest possible different types of oncogenic events driving KIT mutations in the different parts of the digestive tract.
GIST prognostic also seems to be associated with type of mutation. Tumors with PDGFRA mutations are most often benign than those with KIT mutations, 83 and those with KIT exon 9 or 11 mutations have been described to be associated with malignant behavior. 55 The type of mutations in a same exon may equally be prognostic. Exon 11 deletions and deletions affecting codons 557-558 of KIT exon 11 were described to be independent adverse prognostic factors in patients with GIST. 64, 68, 85 Conversely, in another study, GISTs in which the last part of exon 11 (codons 562-579) were deleted were most frequently associated with malignancy than GISTs with deletion of the first part of exon 11 (codons 550-561).
6,69 Subsequently, we reported that GISTs with delWK557-558 and GISTs with delTyr did not differ in the risk of relapse after curative surgery and both convey a poor prognosis. 84 Thus, the prognostic value of the type of KIT exon 11 mutations remains unclear, and more data are required. Recently, it was suggested that the homozygous/ heterozygous status of mutant exon 11 KIT may be equally prognosis. In two small series, GISTs with homozygous exon 11 mutations were associated with a malignant behavior in about 90% of cases. 71, 81 This worsened prognosis could be explained by at least two hypotheses: on the one hand, homozygous status with the loss of the wild-type allele may have a highly intrinsic oncogenic effect (by loss of regulatory mechanisms), and on the other hand, homozygous status may be only a marker of late-stage tumors that have undergone multiple genetic events. 71, 81 Because these studies are all retrospective and have included relatively few patients, their results have to be taken with caution and require confirmation. In future, analysis of international adjuvant trials according to mutations type will probably permit progress in the understanding of their prognostic value.
Predictive value
The mutational status of KIT or PDGFRA is highly predictive of clinical response to imatinib. In randomized trials, disease control rates (partial response and stable disease) assessed by Response Evaluation Criteria In Solid Tumours (RECIST) criteria were 90%-95% in KIT exon 11 mutations, 70%-75% in KIT exon 9, 33%-60% in PDGFRA, and 33%-73% in wild-type GISTs. 66, 86 Patients with exon 11 mutations have a significant longer PFS and OS than patients with exon 9 mutations or wild-type GIST, and there was no difference between patients with exon 9 mutations and those with wild-type GIST. 66, 86 Imatinib is a competitive inhibitor of adenosine triphosphate (ATP) and can only bind to the inactive conformation of KIT. In inactive conformation of KIT, imatinib is too large to bind to an ATP-binding pocket and is blocked by an α-helical conformation of KIT of exon 11. Modification in juxtamembrane conformation caused by exon 11 mutations allows an imatinib binding and an inhibition of KIT activity, giving a structural explanation for the predictive value of exon 11 mutations. 56 Some authors have proposed that deletion of codon 565 could be a predictive factor among patients harboring exon 11 mutations. 66 Nevertheless, the outcome of nonresectable and metastatic GISTs with delWK557-558 and delTyr under imatinib was similar in terms of response rates, PFS, and OS in one of our study. Moreover, all patients included had an objective response or a stable disease under imatinib, and median PFS were of about 20 months. 84 Thus, the predictive value of the type of exon 11 mutations remains still to be determined.
In the meta-analysis of the two Phase III trials that compared 400 mg daily and 800 mg daily of imatinib, objective response rates and OS were not significantly different between the two arms. 87 However, there was a small significant PFS advantage for the 800-mg arm. In multivariate analysis, exon 9 mutations was the only significant factor for the benefit of 800 mg daily dose (P = 0.012). 87 This high dose is today the standard recommended dose in patients with exon 9 mutation, whereas the 400 mg dose is recommended 
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Gastrointestinal stromal tumors in all other cases. 39 For KIT mutations within exons 13 and 17, no definitive conclusion can be made because of their low frequency. Interestingly, when these mutations were located within kinase domains, disease control was obtained in the majority of patients treated with imatinib in prospective trials. 66, 86 Concerning PDGFRA mutations, concordant in vitro data and clinical results support that the D842V substitution and other mutations within the kinase domain activation loop (exon 18) are predictive of primary resistance to imatinib, whereas it is efficient in cases of juxtamembrane domain mutations. 66, 86, 88 In short, almost all GIST with exon 11 mutations responded to imatinib, patients with exon 9 mutations should receive a 800 mg daily dose of imatinib, and D842V PDG-FRA mutation is predictive of primary resistance.
Secondary resistance and sunitinib in second line
Imatinib is not curative, and secondary resistance occurred in 15%-20% of patients each year. Many different mechanisms of secondary resistance have been described: genomic amplification and overexpression of KIT or PDFGRA; 89, 90 switch to another kinase activation with overexpression of the AXL RTK that stimulates oncogenic cell cycling; 91 and levels of ABCB1 and ABCC1 proteins that are implicated in multidrug resistance and in ATP-dependent elimination of imatinib. 92 However, the most frequent mechanism consists in the acquisition of a more novel mutation within KIT or PDGFRA. 90, [93] [94] [95] [96] [97] In all described cases, more novel mutation occurred in the same RTK than the primary mutation (either KIT or PDGFRA), and no secondary mutations have been identified in wild-type GISTs. 96 Moreover, in the same patient, different secondary mutations can occur in different metastases and/or in the same metastases. 98 These secondary mutations involved either the ATP-binding pocket of the kinase I domain (KIT exons 13 and 14) or the kinase II domain activation loop (KIT exons 17 and 18). 90, [93] [94] [95] [96] [97] Similarly to the predictive value of exon 11 mutation, structural and functional understanding of KIT-imatinib interaction can explain occurrence sites of secondary mutations. Imatinib binding can be directly inhibited by mutations involving the ATP-binding pocket, 99, 100 and mutations involving the activation loop could strongly increase the proportion of KIT in active conformation, decreasing the possibility of KIT to bind to inactive forms. 96 Interestingly, clonal evolution consecutive to novel mutation acquisition can be found as an enhancing nodule within a previously responding low-signal lesion on contrast-enhanced CT scans many months before progression defined by RECIST criteria. 97, 101 As for imatinib in first line, response to second-line sunitinib is correlated with the type of primary mutation. 102 Nevertheless, at the opposite, disease control rate (for at least 6 months) were higher in exon 9 mutations (58%) and wild-type GISTs (56%) than in exon 11 mutations (34%). PFS and OS were also significantly longer for patients with exon 9 mutations and patients with wild-type GIST than for those with exon 11 mutations. 102 After progression under imatinib, sunitinib efficacy is also influenced by the type of secondary mutation. Among patients with a secondary KIT mutation identified, PFS was significantly longer for the 18 patients with KIT exons 13 or 14 mutations than for the 13 patients with KIT exons 17 or 18 mutations (7.8 months vs 2.3 months; P = 0.016). Disease control rate and OS were equally better in patients subgroup with exons 13 or 14 mutations. 102 Moreover, these results were supported by in vitro data. Sunitinib was efficient against secondary ATP-binding pocket mutations but has inferior potency than imatinib against some activation loop mutations. Moreover, the D842V PDGFRA mutation, classically resistant to imatinib, confers also a sunitinib resistance in vitro.
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Genetic predisposition
GIST can occur in patients with genetic predisposition in rare cases. Neurofibromatosis type 1 (NF-1) confers an increased risk of developing GISTs as many other tumors. 103 GISTs are associated with two rare tumor syndromes, the Carney triad and the Carney-Stratakis syndrome, and germline mutations have been identified in rare families with multiple occurrences of GIST among relatives. Some clinical, pathological, and/or biological features are associated with each of these genetic predispositions.
Neurofibromatosis type 1
Neurofibromatosis type 1 (NF-1) is one of the most frequent autosomal dominant disorders and affects 1/3000 individuals worldwide. 104 The NF1 gene encodes the neurofibromin, a large protein that acts as a negative regulator of the Ras protein. 105 Inactivating mutation of NF1 results in the hyperactivation of Ras and of downstream pathways such as MAP-kinase, which is implicated in antiapoptotic and growth signaling. 106 Café-au-lait spots, axillary and inguinal freckling, neurofibroma, optic glioma, and iris Lisch nodules are among the primary clinical features of NF-1 and are used as major criteria for the clinical diagnosis. 107 Other manifestations included skeletal, vascular, neurological, and psychiatric disorders. 108 Other malignancies like astrocytomas and pheochromocytoma occur with increased frequency in patients with NF-1.
103,108,109
The risk for GIST in patients with NF-1 is estimated to be as high as 7%. 103 Median age at diagnosis is 50 years, and almost 20% of patients are aged less than 40 years. Like sporadic GISTs, there is a slight male predominance (60% of cases). Typically, tumors occur in the small intestines (duodenum, jejunum, or ileum) and are multiple in 60% of cases. Their size is variable, ranging from 10-0.1 cm in published series. [110] [111] [112] The majority of them are small and have a low mitotic index. They are considered to have a good prognosis, but malignant behavior and subsequent diseaserelated death have been reported. 112 Histologically, the great majority are of spindle cell phenotype, and almost all are positive for KIT immunohistochemistry. Nevertheless, KIT or PDGFRA mutation are usually absent in these GISTs. [110] [111] [112] Thus, pathogenesis pathways involved in their development are different for sporadic GISTs, and some particular biological features have been described. NF-1-related GISTs are characterized by a low level of constitutive KIT autophosphorylation despite comparable KIT expression, a strong expression and activation of MAP-kinase pathways, a less strong activation of PI3K-AKT and JAK-STAT3 pathways than in sporadic GISTs, and the near absence of neurofibromin expression. 113, 114 Mitotic recombination or other genetic mechanisms resulting in the loss of wild-type allele and NF1 heterozygosity may be the key molecular event underlying GIST development in NF-1 patients. 113, 115 There are no clear data about their imatinib sensitivity, but in vitro data suggest that NF-1-related GISTs are not well controlled by imatinib, similarly to wild-type GISTs in general. 113 
Carney triad and Carney-Stratakis syndrome
Carney triad is a very rare tumor syndrome that was described in 1977. 116 A heritable disorder was suspected because of multifocal tumors in multiple organs and the young age of patients. However, it was not a familial disorder. Typically, Carney triad-associated functioning includes extra-adrenal paraganglioma, pulmonary chondroma, and epithelioid gastric leiomyosarcoma, which were subsequently referred to as GIST. 117 This disorder has a strong female predilection. In 1999, based on the analysis of 79 cases, adrenocortical adenoma and esophageal leiomyoma were added to the Carney syndrome, and the presence of two of the three initial components was defined sufficient for diagnostic as only 20% of cases had the third component. 118 Analysis of features of gastric tumors in 104 patients with Carney syndrome show major differences from sporadic gastric GISTs. 119 All patients had gastric tumors and at least one of the other Carney syndrome components. Median age at diagnosis was 18 years (ranged from 6 to 53 years), and about 90% of patients were female. Multiple gastric tumors were found in each patient; they were preferentially localized in the antrum (61%) with a mean size of 6.3 cm (ranged from 0.2 to 18 cm). Histologically, two-thirds were of epithelioid phenotype and all were KIT positive. Interestingly, there was no correlation of the assessed risk using the 2002 classification 23 with subsequent malignant behavior. Lymph nodes were frequently involved. After a median follow-up of 21 years, 15 patients (14%) died of gastric tumor evolution or therapeutic complication. Among the 16 patients treated by imatinib, the majority had no tumor response (62%). 119 KIT or PDGFRA mutations are not found in gastric tumors of Carney syndrome, and the molecular events implicated in their pathogenesis are not known at present. 120 Because of the clinical, pathological, and biological differences observed between gastric tumors of Carney syndrome and sporadic gastric GISTs, it was concluded that these tumors should not be labeled as GISTs but as gastric stromal tumors. 119 In 2002, a new syndrome distinct from the Carney triad was described and named Carney-Stratakis syndrome. This syndrome was defined as an association of multiple paraganglioma and gastric GISTs occurring in an autosomal-dominant manner with incomplete penetrance. 121 Gastric tumors of this syndrome have been described from five families. Clinical and pathological features of gastric tumors were very similar than those described for gastric stromal tumors of Carney triad. 121 Subsequently, molecular abnormalities were investigated in 11 patients from nine unrelated families. Patients had gastric GIST and/or paraganglioma, and both tumor types were found in almost all families. 122 No KIT or PDGFRA mutations were found, but eight patients from seven families had a germline mutation in one of the three succinate dehydrogenase subunit-encoding genes (SDHB, SDHC, or SDHD). As in NF-1, allelic marker analysis suggested loss of wild-type allele of SDH gene in gastric stromal tumors and paragangliomas. 122 These genes are implicated in mitochondrial tumor suppressor pathways, and SDH mutations have been described in sporadic or familial pheochromocytomas or extra-adrenal paragangliomas. 123 
Particular cases of pediatric GiSTs
Pediatric GISTs are rare, and account for 1%-2% of all GISTs. 124, 125 Some of them can occur in a genetic predisposition matter (NF-1, Carney-Stratakis syndrome, KIT, or PDGFRA germline mutation), but most are sporadic. Pediatric GISTs are characterized by strong female predominance, gastric location in most cases, frequent multiple synchronous tumors and/or lymph node metastases, predominant epithelioid morphology, and the absence of KIT or PDGFRA mutations in most cases. Long survival may occur, even in the presence of metastases. 124, 125 Imatinib treatment may be less effective, and sunitinib, sorafenib, or third-generation tyrosine kinase inhibitors (dasatinib and nilotinib) have higher efficacy than imatinib in vitro. 126 KIT downstream targets are activated in wild-type pediatric GISTs as in sporadic adult GISTs. 126 However, gene expression analysis showed that wild-type pediatric GISTs (in Carney triad or not) had a distinct transcriptional signature than wild-type adult GISTs. 125, 126 Thus, pediatric GISTs (and most GISTs of adults under 30 years) are identical to Carney triad GISTs, clinically, morphologically, and genetically, and may represent a forme fruste of this syndrome or, alternatively, an independent subclass of GISTs with a same molecular pathogenesis. Data from paragangliomas and pheochromocytomas suggested that negative staining for SDHB was a marker of mitochondrial complex II dysfunction, and this was regardless of which protein was disrupted. 127, 128 Thus, subsequently of the discovery of the role of SDH mutations in Carney-Stratakis syndrome, some authors evaluated SDHB immunostaining in GISTs. Further supporting the hypothesis of a same pathogenesis, GISTs of Carney triad and pediatric wild-type GIST were negative for SDHB staining even without SDH mutations, while all GISTs with KIT mutations and NF-1-related GISTs were positive. 129, 130 Moreover, in sporadic adult GISTs, about 3% of tumors were negative for SDHB staining, 129 and a germline mutation in SDHB, C, or D was found in 16% of KIT/PDGFRA wild-type GIST. 130 Therefore, abnormalities of mitochondrial complex 2, attributable to SDH germline mutation or not, may be implicated in another oncogenic pathway than KIT/PDGFRAs. Additional studies on SDHB are necessary before use in routine practice.
Germline mutations of KiT or PDGFRA
The first family with a germline KIT mutation has been described in 1998, only a few months after the first report of activating KIT mutations in most of sporadic GISTs. 3, 131 Since this date, many germline KIT or PDGFRA mutations (Table 3) . [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] In all publications, the pattern of inheritance is autosomal dominant with a penetrance of almost 100%. GISTs are multiple in most cases and frequently multifocal. They occurred at earlier ages than corresponding sporadic GISTs, commonly in young adults, and median age at diagnosis is approximately 40-50 years. Some authors have suggested a possible genetic anticipation because of decreasing age at diagnosis across generations. 141, 144, 150 However, it was not reported previously, and earlier ages at diagnosis might be only due to greater interest for GISTs and/or screening of relatives. Various clinical features have been reported in these families and are described according to activating germline mutation in Table 3 . Skin lesions features appeared to be frequent ( Figure 4A ), in particular in cases of KIT exon 11 mutation. The molecular mechanism of their occurrence is unclear, but, interestingly, a decrease in the number of pigmented lesions has been noted in one patient treated with imatinib given an additional proof of their relationship with activating KIT mutations. 151 Histologically, a diffuse proliferation of interstitial cells of Cajal is found in the myenteric plexus layer of gastrointestinal tract of affected cases ( Figure 4B ). This proliferation is a polyclonal hyperplasia, while GISTs are monoclonal. 152 This is of particular interest because it demonstrates that activating KIT or PDGFRA mutations are necessary but not sufficient for GIST pathogenesis. Moreover, GISTs from a same patient with germline mutation are derived from independent clones and show different cytogenetic abnormalities, suggesting that different progression pathways can lead to GIST from polyclonal hyperplasia. 150, 152 This point is supported by analysis of cytogenetic abnormalities in sporadic GISTs. In them, losses at chromosomes 1p, 14q, and 22q are frequent and characteristic of the abnormalities. 153 Three major cytogenetic pathways associated with GIST location and behaviors have been suggested from these alterations. 154 Nevertheless, apart from activating mutations of KIT or PDFGRA, our understanding of fine molecular alterations implicated in GISTs pathogenesis are limited. At present, there is no recommendation for screening, follow-up, and treatment of patients harboring germline mutation. All patients will develop GISTs, but not all of these tumors will be malignant. Imatinib chemoprevention is questionable as patients may have long-term side effects, and it is not clear that there is any role for lifelong therapy. In the absence of a method allowing the determination of GIST evolution, aggressive treatment such as repeated surgery should be as limited as possible, and it is probable that only growing or large GISTs should be resected. The National Institutes of Health is currently sponsoring a research study focusing on learning more about hereditary GISTs: the Project Flag (http://www.projectflag.org/).
Three murine models of GIST harboring germline KIT mutations have been developed using expression of KIT mutant in transgenic knock-in mice. KIT mutations used are three known human germline mutations and involved exons 11 (558delV corresponding to human 559delV), 13 (D818Y corresponding to human D820Y), or 17 (K641E corresponding to human K642E). Heterozygous and homozygous mice developed diffuse hyperplasia of interstitial cells of Cajal in the digestive tract (from esophagus to large intestine) and GIST-like cecal tumor. [155] [156] [157] Homozygous mice developed larger cecal tumor and died due to gastrointestinal obstruction after some weeks. 156, 157 There is no clear explanation for the differences observed in GIST location between murine model and human. However, these models are promising to improve our knowledge of KIT oncogenic signaling pathways. Moreover, mouse models will be useful for the preclinical investigation of new targeted therapies and overcome secondary resistance mutations.
158,159
Conclusion
GISTs receive today considerable attention because of substantial advances in the understanding of their pathogenesis and development of efficient targeted therapies. The diagnostic of this disease relies on concordant histology and KIT immunopositivity. Mutational analysis for activating KIT and PDGFRA mutations is strongly recommended in KIT-negative tumors and in all advanced GISTs. In the future, patients' treatment will probably be determined according to the predictive value of primary and/or secondary mutations. Activating mutations of KIT or PDGFRA protooncogenes are present in more than 80% of GISTs. Nevertheless, molecular analysis of GISTs occurring in patients with genetic predisposition have shown that some GISTs or GIST-like tumors are secondary to inactivating mutations of tumor suppressor genes like SDH or NF1. 
